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ABSTRACT

Studies have been conducted on the feasibi]ity of sterilizing potting
compound -at temperatures ranging from ambient to 125C by addition of sterf1ant
chemicals (formaldehyde-liberating synthetic resins and polymers) to the
Ypotting compound during the curing process. Evidence was obtained which indi-
cated that the polymeric form of monomeric formaldehyde, paraformaldehyde, was
considerably more effective as a sterilizing agent than were the forma1dehyde—
resins u;ed° With a concentration of 1 mg paraformaldehyde in 100 cc air, routine
sporicidal activity (inactivation of 1 x 10° bacterial spores) was achieved within
72 hours at 22C, 14 hours at 35C, 5 hours at 60C, and 1 hour at 125C. Analytical
calculations showed that a max{%um of 1 x 10° molecules of monomeric formaldehyde
per bacteria]ispore were required for inactivation. Potting compound-sterilant
mixtures proved inhibitory against both Gram positive and negative microorganisms,
the degree of inhibition being a function of the test organism, sterilant, and
sterilant concentration. Data from studies on the loss of monomeric formaldehyde

from synthetic resins, paraformaldehyde, and potting compound-sterilant mixtures

suggested that internal sublimation of sterilants with outward diffusion of
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vaporized formaldehyde transpired. During this process of evolution of steri-
lizing gas, it was theorized that embedded bacterial spores were subjected to

in situ inactivation with the resultant sterilization of the entire component.

Experimental verification for internal sterilization of potting compound was
subsequently obtained by employing a spore-embedding technique described in the
lreport. Inactivation of 1 x 10° embedded bacterial spores was achieved at
temperatures ranging from 45 to 90C within relatively shprt fime periods with
the use of melamine formaldehyde or paraformaldehyde as the sterilant additive.
Preliminary studfes using DMSO in conjunction with monomeric formaldehyde

suggested that sporicidal activity was enhanced using this combination.

The concept of a "self-sterilizing" potting compound has been demonstrated.
Procedures_wére developed that should ensure the internal sterility of electronic
spacecraft components. The applicability of this development to the NASA space-
craft steri]iéation program could result in a reduction of the total encapsu]atéd
microbial burden on spacecraft, thereby allowing a shorter and less thermally
destructive heat sterilization cycle. Also this technique‘might be applicable
to the preparation of sterile science instruments being designed for.use in the

Viking program and other subsequent planetary explorations.



INTRODUCTION

This report presents the research conducted by Becton, Dickinson and
Company during the period of August 13, 1968 through October 13, 1969 in
support of the planetary quarantine requirements of the National Aeronautics
and Space Administration under Contract NASw-1764. Research management was.
proviaed by Dr. G. Bkiggs Phillips, Director, Becton, Dickinson Research ‘
Center (BDRC), and Dr. J. J. Tulis, Di}ector, Microbiological Sciences, BDRC,
acting-as Projecf Officer and Assistant Project Officer, respectively. The

consultative services of Dr. J. H. Brewer are gratefully acknowledged.

The subject research program was instituted as the result of a proposal
prepared by Drs. Brewer and Phillips, dated August, 1967, and submitted to the
0ffice of Space Science and Applications, National Aeronautics and Space |
Administration: A one-year contract was entered into as of August 13, 1968
between NASA Headquarters and Becton, Dickinson and Company. A 2-month, no-
cost extension of the contract to allow conclusion of laboratory research and

finalization of this report was approved, thereby extending the contract through

October 12, 1969.




Technical briefings on the status of the contract research were presented
at the NASA Spacecraft Sterilization Technology Seminars held at Cape Kennedy
on February 12, 1969 and the Southwestern Radiological Health Laboratory, Las

Vegas on September 24, 1969.

Data presented in this report are concerned with the successful development
of methodology for the internal sterilization of potting compound. It was
recognized early in the contract studies,.after pre]iminafy experimentation had
been completed, that maximal effor? should be expended towards the satisfactory
comp]efion of thé indicated task, namely, the internal sterilization of potting
compound, becéuée of the formidable challenge posed by this problem. In order
to achieve our goal, however, it was considered important that the temperature
parameters as originally stated/be expanded. Therefore, the experimental
temperature range was altered and studies were conducted from ambient to 125C
rathér than 45 to 60C. The rationale for this temperature range was 2-fold;
namely, studies conducted at 125C would be applicable to the vast knowledge
that NASA has accumulated on dry heat sterilization at this temperature, and the

known interest in sterilization of heat-sensitive materials at temperatures-




;1ightly above ambient. In addition, the polymeric form of formaldehyde,
paraformaidehyde, was inciuded in the contract studies along with the formalde-
hyde containing organic resins. Thus, previously acquired knowledge gained at
Becton, Dickinson and Company on paraformaldehyde could be app]iéd to the
contract research. Also, at the suggestion of NASA, preliminary stﬁdies on the
vcombined effect of formé]dehyde gas and dimethyl sulfoxide (DMSO) were conducted.
During this contract period, only limited studies on mated surfaces were per-
formed. It was felt that our approach would most directly reach a scientific
milestone which Qou]d be profitable to NASA; and, in the ffnai analysis, much

of the knowjedge gained in the studies on the sterilization of pottiﬁg compound

could be applied to the sterilization of mated surfaces.

The pqtting compound used in our studies was selected as a convenient
representative e}ectronic material that would best facilitate the exploratory
studies. It was necessary that the material used not be highly exothermic and
lend itself to the laboratory procedures required to conduct sterilization

feasibility studies. Dow Corning RTV-3140 satisfied these requirements and



was used as a representative potting compound throughout our studies. Testing
of a broad range of potting compounds was obviously beyond the scope of this

preliminary investigation.




BACKGROUND

In recent years there have been a number of attempts to produce coatings
or product additives that will result in materials with "self-sterilizing"
'properties ( 9,12). Generally, 1ittle or no success in achieving sterility
has resulted from the use of non-volatile or low-vapor-pressure chemicals ( 9 ).
This is primarily because such chemicals usually require high moisture environ-
ments for maximum bactericidal activity (6,8,10 ) and, even in this instance,
show only limited sporicidal activity. On the other hand? some succeés has been
experienced in the development of self-sterilizing materials that incorporate
volatile-type disinfectants ( 9 ). Nevertheless, the usefulness of a volatile

germicide is maximized if volatility is very low at ambient temperatures yet

significant at elevated temperatures below 100C.

Studies conducted at Becton, Dickinson and Company laboratories prior to
dinitiation of the contract studies demonstrated the potential usefulness to
spacecraft sterilization problems of organic chemicals containing a volatile
chemical germicide. Specifically, it appeared feasible and practicaivthat

sterilant mixtures could be developed that would be relatively inactive at



ambient conditions but when placed at moderately elevated temperatures, would
evolve sufficient amounts of sterilant to inactivate large numbers of bacterial

spores.

The rationale for our studies was based on the knowledge that various,'
organic resins and polymers, when exposed to_e1evated temperature, will release
potentially sterilizing quantities of gaseous formaldehyde along with the
required amount of moisture. The active forma]déhydé evolves from the organic
resin or polymer in such a manner fhat the rate of release, and therefore the
sterilization process, is a function of time and temperature. The amount of
sterilant gas and moisture ré]eased is extremely small and contaminating

microorganisms are theoretically subjected to i

situ sterilization without

-

untoward effects on the electronic parts, mated surfaces, or surrounding areas.

The chemical compounds under investigation possessed the common property of
liberating formaldehyde gas upon elevation of temperature. Inc]udéd in the
studies were representative compounds of the synthetic resins and the polymer,
paraformaldehyde. The synthetic resins used are reaction products of melamine,

urea and phenol with formaldehyde. The major chemical properties of paraformal-



dehyde are listed in Table I, Appendix.

‘Melamine (2, 4, 6 triamine - 1, 3, 5 triazine) reacts under alkaline
conditidns with formaldehyde to give variogs methylol derivatives (17).
Because six reactive sites are available, the hexamethylol melamine compound
can be prepared. However, the most commonly used product is the methylated
frimethylol melamine (17), the structure of which is depicted in Figure 1,
Appendix. Cationic resins can be formed with melamine formaldehyde under
acidic conditions (16), which are used to impart wet strength properties to

paper and shrink resistance properties to textiles.

The reaction products of urea and formaldehyde are a mixture of mono-methylol
urea and di-methylol urea (16)./ The mono-methylol urea compound, with only one
forma1dehyde reactive group, is not as effective in imparting stability to
cellulosic fabrics as is the di-methylol urea (17), the structure of which is.
shown in Figure‘2, Appendix. Urea formaldehyde is used in the paper and textile
industry to provide desired properties to these materials, either as a preconden-

sate (i.e., mixture of mono- and di-methylol urea) which penetrates the cellulose

fibers to form the 3-dimensional resin in situ or as a partial'condensate which
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does not penetrate the cellulose fibers but instead forms the 3 dimen;ional
resin on the fiber surface (16 ). Agqueous urea formaldehyde solutions differ
from formalin solutions by containing methylol ureas of Tow molecular weight
and water-soluble urea formaldehyde condenéafes; some free and loosely bound
hydrated formaldehyde (methy]ene glycol) is present (28 ). Aqueous forma]dehyde
(formalin) is composed mainly of methylene glycol and various polymeric hydrates

(polyoxymethylenes); very little unhydrated monomeric formaldehyde is found (21).

The phenol formaldehyde résins represent many complex products which are
prodﬁced by reacting formaldehyde with various phenolic compounds ( 25). The
reaction of formaldehyde with the phenols can be catalyzed by both acidic and
alkaline ;onditions thereby resulting in products ranging from simple methylol
and methylene derivatives (Figu;e 3, Appendix) to very complex resins (26 ).
Phenol formaldehyde resins are defined as "mixtures of polymethylene compounds

in which phenolic radicals are linked by methylene groups" (27 ).

Paraformaldehyde is defined as "a mixture of polyoxymethylene glycols
containing from about 90 to 99 per cent formaldehyde and a balance consisting

primarily of free and combined water" ( 22). It is not a new compound, having



11
been first prepafed in 1859 ( 4 ), and named "paraformaldehyde" in ]388 (19 ).
The chemical composition of paraformaldehyde is shown in Figure 4, Appendix,
where "n" may represent from 8 to 100 formaldehyde units. Because of the
relative insolubility of paraformaldehyde fn acetone, a property not exhibited
by Tow molecular weight polyoxymethylene glycols, the majority of the polymeric
forms of paraformaldehyde contain more than 12 formaldehyde units (23 ). In
appearance, paraformaldehyde is a colorless so]fq, which may be flaky, granular,
or a fine powder. At ambient temperatures, paraformaldehyde slowly vaporizes
releasing monomeric formaldehyde gas; probably accompanied by water vapor ( 14).
The rate of depo1ymerization is a function of heat and availability of polymeric
end groups (24 ), since depolymerization occurs at the hydroxyl end groups as
an "unzippering" reaction. Thus, paraformaldehyde composed of high molecular
weight polymers will evolve gas more slowly than that composed of Tow molecular
weight po]ymefs, although the depo]ymerization rate is the same for both. The
end result of polymer breakdown is the formation of water from the terminal

methylene glycol residue. With improvements in processing, the paraformaldehyde

manufactured today has a relatively narrow molecular weight range.
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Paraformaldehyde has been used as a fungicide and bactericide for some
years. Kaitz (11), in 1956, described the use of the fine white powdered
paraformaldehyde for the production of formaldehyde gas, a process subsequently
used extensively in the poultry industry (’20). The Qse of paraformaldehyde as
a surface sterilant and»detoxifyiﬁg agent was described in a recent publication

by Taylor et al ( 18).

The decision to include paraformaldehyde as a candidate for incorporation
into the pofting.compound in order to achieve sterility was founded on the
knowledge that this material is an excellent source of monomeric forma]dehydé
gas which can be produced in a temperature-controlled reaction. Because para-
forma]dehyde dep91ymerizes completely to yield pure monomeric formaldehyde

4

there are no contaminating residues as found with formalin solutions (methanol
and formic acid residues) or the various synthetic resins (complex resin
residues). Thus, paraformaldehyde provided us with the best available source

of formaldehyde gas for assessment of the potential applicability of the

synthetic resins in spacecraft component sterilization.
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RESEARCH OBJECTIVES

The overall purpose of this research was to investigate and develop a
useful method for sterilizing potting compound at temperatures above ambient
‘but below those usually required for dry heat sterilization. The specific
objectives of the research were to evaluate the feasibility of using various
resins or polymers for sterilizing potting compound at various temperatures, to
determine on the basis of appropriate studies how the steri]ant mixtures could
be most effectively applied, to select candidate systems for more extensive
sterilization kinetics studies, and to develop methodology for the Verification

of internal sterility of potting compound.

4

By adhering to a systematic research approach, answers have been provided
for the following relevant questions.

1. What are the comparative sporicidal properties of the synthetic

resins and paraformaldehyde?

2. Will sufficient sterilizing gas be released from Mg amounts of

potential sterilant chemicals to inactivate 1 x 10° bacterial spores

within a meaningful time period? -

3. What is the relationship of temperature to the efficacy of the
sterilization process when using the formaldehyde-liberating chemicals?
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4. Can the various sterilant additives be mixed with potting compound
without altering the gross or obvious characteristics of the material?

5. Are the mixtures of RTV and sterilant suff1c1ent1y biocidal to
inhibit microbial growth?

6. What are the comparative biocidal properties of the various RTV-
sterilant mixtures as revealed by the zone inhibition test7 What is
the effect of sterilant concentration?

7. What are the relative sensitivities of various Gram positive and
negative bacteria to the RTV-sterilant mixtures?

8. What are the kinetics of gaseous evolution from melamine formalde-
hyde and paraformaldehyde at temperatures ranging from ambient to 125C?

9. How do the kinetics of gaseous evolution from resin- RTV and polymer-
RTV compare to those of the pure chemicals?

10. What is the molecular relationship of forma]dehyde gas inactivation
of bacterial spores when using various donors of formaldehyde gas?
When the gas is released at different rates?

11. What happens to the biocidal properties of RTV-sterilant mixture upon
exposure to elevated temperatures?

12. Can sterilization of bacterial spores be achieved after prior exposure
of RTV-sterilant mixtures to elevated temperatures?

13. How can information on the temperature controlled release of formalde-
hyde from melamine formaldehyde and paraformaldehyde be useful to NASA?

14. Can microorganisms entrapped in potting compound be inactivated by the
internal evolution of formaldehyde gas? At what rate? At what temperature?
With what additive and concentration?

15. What is the sterilizing effect of DMSO when used in combination with
formaldehyde gas?

16. whaf milestones have been reached by these studies? How can these
studies be useful to NASA?

17. What course of research is being pursued in future NASA-supported
contract studies?
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EXPERIMENTAL PROCEDURES

Studies on the inactivation of bacterial spores were conducted with the
use of B-D certified biologic indicators. These included spore strips inoculated

with either Bacillus stearothermophilus (1 x 105) or Bacillus subtilis var niger

(B. globigii, 1 x 10°).

The test procedure used for evaluation of the biocidal properties of the
various formaldéhyde—1iberating organic chemicals involved the placement of mg
amounts of sterilant additive into 100 cc glass vesselé, the stoppers of which
were affixed with metal hooks onto which the filter paper spore stripsbwere
attached (Figure 5, Appendix). Stopperéd vessels were sealed with paraffin prior

to placement in incubators or ovens at temperatures ranging from ambient to 125C
: A

for evé]uation of the sterilizing efficiency of thé various additivesfés a
function of time and additive concentration. Tria]; were conducted in triplicate
and each parametric point was repeated a minimum of 2 times; the majority were
repeated more often. Spore strips were assayed for viaﬁility by inoculation

into trypticase soy broth (TSB) with appropriate incubation temperature (60C for
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the thermophilic sporeformer B. stearothermophilus and 37C for the mesophilic

sporeformer B. globigii) for periods of at least 4 days with daily observation
for presence of growth. Positive cultures were examined for possible contaminat-

ing microorganisms in order to eliminate false positives.

Studies on the addition of organic sterilants to potting compound were
conducted with the use of specific amounts of organic resin or polymer and
Dow Corning RTV 3140. The sterilant-potting compound combinations were mixed
thoroughly and then allowed to cure for 48 hours at ambient temperature, during
which time a negligible wejght Toss occurred (Table I1, Appendix). To each
25 ml of uncured RTV the following amounts of melamine formaldehyde or para-
formaldehyde were added: 0.475 and 2.375 g melamine forma]dehyde to give 1.9
and 9.5% additive, respectivel;; and 0.250 and 1.250 g paraformaldehyde to give
1% and 5% adqitive, respectively. The total weight of resin in potting compound
was 5.9 mg and 29.4 mg for the 1.9% and 9.5% discs, reépective]y; and the total
weight of polymer in potting gompound was 3.1 mg and 15.5 mg for the 1% and 5%

discs, respectively. By using the above concentrations of additive, the available

formaldehyde residue in paraformaldehyde and melamine formaldehyde were comparable.
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For zone inhibition tests using a modification of the antibiotic disc
sensitivity procedure, 10 mm RTV-sterilant discs were prepared and placed onto
trypticase soy agar surfaces previously inoculated with 24-hour cultures of the

various test organisms. Included in these studies were Bacillus globigii,

Serratia marcescens, Klebsiella pneumoniae, Staphylococcus aureus, and

Escherichia coli. Zone inhibition readings were made at 24, 48 and 72 hours after

inoculation; zone diameters were measured in mm's.

The methodq1ogy employed in the determination of forma]déhyde gas loss
from melamine formaldehyde and paraformaldehyde as a function of time and
temperature included series of accurate weight assays using an analytical
digital Mettler balance. Appropriate control samples were routinely included
in all trialé. Individual expérimenta] points were assayed in triplicate and
repeated at least twice; 100 mg samples of resin or polymer were used in
aluminum weighing pans. The studies on loss of formaldehyde gas from the resin-
- RTV and po]ymer;RTV mixtures were conducted in a similar manner; results were

corrected for any weight loss recorded for control discs.




18

Preliminary studies on the recovery of bacterial spores from RTyﬁ using a
glycol ether for melting of the RTV, indicated that this solvent was too
deleterious to the spores to be useful. An a1térhate method was developed
which proved quite satisfactory in the recbvery of spores from RTV, although
not selected for detailed studies because of low recovery efficiency. The
procedure involved the sectioning of RTV matrices, using a plexiglass template
and stainless steel surgical blade. The resulting numerous small equal size
cubes were placed in buffer and the surface spores removed by insonation. The
comparative recovery of viable spores from internal surfaces of treated and
untreated RTV would theoretically provide information on the internal steriliza-
tion capabilities of the additives as a function of time and temperature. As
indicated, because of the low recovery of viable spores, further studies using
this method were abandoned. Additional exploratory research involved the use
of contaminafed sutures that were.sea1ed within RTV, exposed to certain experi-
mental conditions, and removed for assay. Problems were encountered in the

removal of sutures from the cured RTV, and this procedure was also dropped.

Thus, after employing a number of laboratory procedures for verification
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of internal sterility, the following method was selected as the most repro-
ducible, realistic, and efficient. Biologic indicators (filter paper strips
inoculated with 1 x 10° bacterial spores) were placed within 0.5 mil plastic
(Teflon) pouches, sealed, and then embedded within RTV, with or without addi-
tive, prior to the curing process (Figure 6, Appendix). kThe actual method
“involved the use of 25 ml uncured RTV-sterilant mixtures, one-half of which
was placed into Petri plates. From 3 to 9 sea1gd biologic indicators were then
placed onto the surface of the uncured RTV—ster11ant mixture and the remainder
of the 25 ml volume poured over the plastic pouches containing the bacterial
spores. “The plates were allowed to cure at ambient temperature for 72 hours
prior to further evaluation at elevated temperatures. Control studies indi-
cated that sufficient formaldehyde gas was not generated during the curing’
process to completely inactivate the biologic indicators. Additional studies
where embedded spores were held for 96 hours at ambient temperature gave the
same results. The embedded spores were subjected to various time/temperature
periods, after which the strips were removed aseptically and assayed qualita- .

tively for viable spores by inoculation into TSB. Studies were conducted in
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triplicate at 45, 60, and 90C.

Studies on the effect of DMSO when used 1n\conjunction with formaldehyde
gas were conducted by saturating biologic indicators with undiluted DMSO and
subsequently placing on hangers in 100 cc vessels as previously described.
‘Forma1dehyde gas'was produced from paraformaldehyde by témperature elevation.

Strips were removed after specified time periods and assayed for viable spores.
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RESULTS

Biocidal Properties of Synthetic Formaldehyde-Containing Resins and the Polymer,
Paraformaldehyde.

Empirical evidence has been obtained which indicated that the polymeric
form of formaldehyde, paraformaldehyde, was considerably more effective as a
sterilizing agent than were the formaldehyde-resins. As indicated in Table I,

although 1 x 105

bacterial spores could be killed by exposure to melamine
formaldehyde (at 6 mg/100 cc air) for 24 hours at 45 or 60C, it was not
effective at lesser concentrations. Inactivation was not achieved at any of

the concentrations used at 22 or 35C within 24 hours and inconsistencies in

killing were observed in replicate tests.

The biocidal properties exhibited by urea formaldehyde, when used as an
aqueous solution are shown in Tables II and III. Due to the viscous nature of
the resin and génera] insolubility in organic solvents, aqueous solutions of
urea formaldehyde were prepared for evaluation of sporicidal activity. Pre-
Timinary studies showed that 1 to 3 ml of a 50% urea forma]dehyde so]ytion were

sporicidal within 24 hours'at 22, 35, or 60C. Information presented in Table II,
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where 2.5 and 5.0 mg urea formaldehyde were used at 60C in a test method identi-
cal to that used for melamine formaldehyde, shows complete inactivation of meso-

philic spores of B. globigii within 2 to 3 hours whereas similar inactivation

of thermophilic spores of B. stearothermophf]us required 4 hours at the higher
concentration of additive. Preliminary findings on the feasibility of using
aqueous urea formaldehyde, which is a mixture of low molecular weight methylol
ureas and urea formaldehyde condensates, as a stgri]fzing spray was demonstrated
by the inactivation of 1 x 105 bacterial spores on aluminum strips following

the spray application of a 1% urea formaldehyde solution (Table III). Sprayed
strips were air-dried and then placed at 45 or 60C for 1, 2, or 3 hours; complete

ki1l of bacterial spores was achieved in 1 hour at both 45 and 60C.

4

By comparison, when using paraformaldehyde under similar test conditions
but at much lower concentrations (1 mg/100 cc air), routine sporicidal activity
was achieved within 72 hours at 22C, 14 hours at 35C, 5 hours at 60C, and 1 hour

at 125C (Table 1V).

Information on the biocidal activity of paraformaldehyde (2 mg/100 cc air)

at 35C is shown in Table V as a function of the time required for visible
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microbial growth to become evident after placement of exposed bio]ogi.c indi-
cators in sterility test media. When biologic indicators were exposed to
formaldehyde gas from paraformaldehyde for’a period of 4-7 hours, no difference
in microbiaT grovth gs compared to contr§1§’was observed. However, a 9-10 hour
and a 12 hour exposure were associated with a delay in microbial gfowth attri-
‘butable to a partial inactivation of the initial spore inoculum. - A 14-24

hour exposure was associated with routine inactivation of all bacterial spores.

The comparative inactivation of 2 sporeforming bacteria, B. stearother-
mophilis and B. globigii, by melamine formaldehyde or paraformaldehyde (2 mg/100
cc air) with 30 minutes to 3 hour$ exposure at 125C is shown_in Table VI. The
spores of both Bacillus species were inactivated within about 1 hour by péra-
fofma]dehyde, whereas at Teast/3 hours were required for comﬁarab1e inactivation
by melamine forma]dehyde° The differentiaj in bacterial species sensitivity
observed in previous studies witﬁ urealforma1dehyde (Table II) wherein mesophilic
spores were more sensitive than thermophilic spores to apparent gaseous inactiva-

tion was not evident in these results. It is important to recognize, however,

that bacterial inactivation per se at 125C was a compounded effect of heat and
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sterilizing gas for both bacterial species whereas at 60C only the mesophiles

were exposed to this combination of lethal effects.

Gaseous Evolution of Monomeric Formaldehyde from Melamine Formaldehyde, Para-
formaldehyde, and Potting Compound-Sterilant Mixtures at Elevated Temperatures
with Concurrent Loss of Biocidal Activity

In studies on the kinetics of evolution of formaldehyde gas, it was
Iobserved that at 60C approximately 10% loss of formaldehyde occurred within 6
hours from the pure chemical paraformaldehyde anﬂ from 5% paraformaldehyde-
RTV discs, respectively. The biocidal activity of the RTV-sterilant discs was
not reduced appreciably during this time as revealed by the zone inhibition
test procedure. The loss of formé]dehyde from paraformaldehyde continued
progressively upon prolonged exposure at 60C with a.73% loss observed after

4

168 hours.

The 1055'ofrgaseous formaldehyde from melamine formaldehyde at 60C after
6 hours was approximately 3% and 2% from the resin and from 9.5% resin-RTVi
discs, respectively. Some loss of biocidal activity was observed after 4-hours
exposure of the resin-RTV discs to 60C. The 1655 of available formaldehyde from
the resin continued until 72 hours, when a 10% loss was recorded and did not

increase significantly throughout the 168-hour exposure period. The comparative
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Toss of formaldehyde from paraformaldehyde and melamine formaldehyde over a

168-hour period is depicted in Figure 1.

As shown in Figure 2, at 90C exposure‘approximate1y 52% 1ossvof formalde-
hyde took place within 6 hours from paraformaldehyde. In comparison, about
9% 10ss of formaldehyde occurred within the same time period from the resin,
melamine formaldehyde. Within 24 hours the respecfive Toss of formaldehyde
from the polymer and resin were 82% and 10%. At 168 hours, when all available
formaldohyde had evolved from paraformaldehyde, only 14% loss was observed for

melamine formaldehyde.

At 125C exposure, the comparative loss of formaldehyde as a gas from the

polymer paraformaldehyde and the resin melamine formaldehyde was 95% and 6%

4

after 1 hour, 98% and 9% after 2 hours, 98% and 10.5% after 6 hours, and 100%
and 24% after 7 days, respectively (Figure 3). The findings indicated that

paraformaldehyde completely depolymerized and vaporized at 125C within several
hours, whereas after 7 days exposure, melamine formaldehyde had lost approxi-

mately one-fourth of available formaldehyde residue.
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[Tlustrated in Figure 4 aré the comparative loss of gaseous fOfma?dehyde
from paraformaldehyde-RTV and melamine formaldehyde-RTV discs at 90C and the
resultant progressive decrease in biocidal activity which transpired. The
average inhibition zones aftgr 1, 2, 4, and 6 hours prior exposure of para-
formaldehyde-RTV to 90C were 23, 22, ]6'and 12 mm in diameter; no biocidal
activity was evident after 24 hours. The zones of inhibition produced by
melamine formaldehyde-RTV discs, although not as-large initially as those pro-
duced by the pargforma]dehyde-RTV discs, were indicative of a slower rate of

loss of biocidal activity throughout the 24-hour exposure period.

Studies on the quantitative release of gas from the polymeric form of
formaldehyde, paraformaldehyde, are shown in Figure 5. Losskof formaldehyde
through vaporization was recorded for a 168-hour period at both ambient (23C)
and 45C; findings were extrapolated to 100% Toss. Depicted are the weight
losses recorded and the extrapolated linear expressions which resulted in a
100% loss at 45C within 12.5 days and at ambient temperature within 47 days,

respectively.

A summary presentation of data on the loss of formaldehyde from paraformal-

dehyde and melamine formaldehyde at temperatures. from 45C to 125C and exposure
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periods of 1 hour through 7 days is shown in Table VIII. Significant differences
in gaseous evolution from the two formaldehyde-Tiberating chemicals as a function

of temperature can be seen.

Microbial Inhibition of Potting Compound-Sterilant Mixtures

Results from studies on the inhibition of bacteria by RTV potting compound
discs containing various concentrations of organic resin or polymer are present-
ed in Table VII. Discs containing 1% paraformaldehyde displayed good inhibition

against Bacillus globigii, Serratia marcescens, Klebsiella pneumoniae, Staphylo-

coccus aureus, and Escherichia coli with zones of 15 to 32 mm diameter. At 5%

paraformaldehyde, inhibition zones of 26 to 44 mm diameter were observed.
Similarly prepared discs containing melamine formaldehyde or urea formaldehyde
showed inhibition only against S. aureus at 1% resin additive with 16 mm and

15 mm diameter zones, respectively. At 5% resin additive, the melamine formal-
dehyde discs were somewhat more inhibitory than the urea fofma]dehyde discs,
displaying inhibitory properties against all test organisms except K. pneumoniae.
Five per cent urea formaldehyde discs showed no inhibjtion against S. marcescens

and E. coli. At 10% resin additive, discs prepared with either resin showed
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inhibition zones of 15 to 24 mm diameter. Representative zones of inhibition

are shown in Figure 6.

In related studies, when discs contaiﬂing 1% paraformaldehyde were placed
within 100 cc sealed vessels, sufficient sterilizing gas was released within

4 to 6 hours at 90C to kill 1 x 10°

bacterial spores. Under similar conditions,
5% resin impregnated discs were not effective. Therefore, studies were con-
ducted on the exposure to elevated temperatures'of potting compound discs
containing sterilant additive prior to biologic assessment for residual biocidal
activity. Results indicatedAthat a 1-hour exposure at 125C or 5-hour exposure
at 60C allowed sufficient residual formaldehyde to remain within discs orginally

containing 1% paraformaldehyde to inactivate 1 x 10° bacterial spores upon sub-

sequentrp1acement in 100 cc sealed vessels for 1 hour at 125C.

Inactivation of Embedded Bacterial Spores by Internal Evolution of Monomeric
Formaldehyde

The data presented in the following series of tables shows the results of
studies on the inactivation of RTV-embedded bacterial spores as a consequence
of internal formaldehyde gas evolution from melamine formaldehyde or paraformal-

dehyde. Studies were conducted at 45C, 60C, and 90C; inactivation of bacterial
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spores was examined as a function of time, additive, and additive concentration

at the indicated experimental temperatures.

Using 9.5% melamine formaldehyde-RTV or 5% paraformaldehyde-RTV at 45C
(Table IX) complete kill of embedded spores océurred after 24-hours exposure to
‘paraformaldehyde, whereas incomplete inactivation was ob;erved after 96-hours
exposure to melamine formaldehyde. With a lesser concentration of available
formaldehyde, i.e., 1.9% melamine formaldehyde or 1% paraformaldehyde (Table X),
a similar inactivation profile was observed for paraformaldehyde; melamine

formaldehyde proved ineffective in producing sterility after 96-hours exposure.

At 60C exposure, using the higher concentrations of resin or polymer addi-
tive (Tablé XI), complete inactivation of internally p1§ced spores was achieved
after 2-hours exposure to paraformaldehyde-RTV and 36fhours exposure to melamine
formaldehyde-RTV. As observed, partial inactivation (i.e., somé replicate spore
strips completely sterile) took place after 1 hour and 12-hours exposure to
paraformaldehyde and melamine formaldehyde, respectively. In comparison, when
using the lesser concentrations of sterilant additive (Table XII), 6 hours of
exposure to paraformaldehyde were required for complete ki1l and incomplete

kill was observed after 96-hours exposure to melamine formaldehyde.
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Information is pre;ented in Table XIII on the inactivation of embedded
bacterial spores at 90C when using 5% paraformaldehyde or 9.5% me]amihe
formaldehyde. Complete sporicidal activity was achieved after only 15-minutes
exposure to the formaldehyde polymers andla 1-hour exposure to the formaldehyde
resin. Of interest was the partial inactivation of embedded bacterial spores
after 18-hours exposure at 90C to RTV alone, a finding that has been reported
by others ( 1 ). When using the lesser concent(ations of sferi]ant additives
(Table XIV), the time required for complete inactivation of bacterial spores
was slightly extended, i.e., 30 minutes and 2 hours for the péraforma]dehyde

and melamine formaldehyde, respectively.

Summary data oh the inactivation of RTV embedded bacterial spores as a
function of additive, additive concentration, time and temperature is shown
in Table XV. Appreciable differences between the timé required for apparent
sterilization of RTV potting compound can»be seen when comparing additive and
temperature, whereas the 5-fold difference in additive concentration did not

effect the kill rate significantly.
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Sporicidal Activity of DMSO and Monomeric Formaldehyde

Preliminary studies on the sporicidal activity of paraformaldehyde when
used in combfnation with dimethyl sulfoxide (DMSO) are shown in Table XVI.
’Spore strips were exposed to DMSO and subsequently exposed to formaldehyde gas
liberated from paraformaldehyde. Although data indicated that both DMSO and
paraformaldehyde were sporicidal to varying degrees when used alone, the
inactivation of bacterial spores appeared enhanced when these agents were used
in combination. At 60C, 1 x 105 bacterial spores were killed within 3 hours
when subjected to a mixfure of DMSO and paraformaldehyde, whereas with para-
formaldehyde alone 5 hours were required for similar inactivation. At 90C,
some inactivation occurred after 30 minutes exposure to both DMSO and para-
formaldehyde and complete killing took place within 60 minutes. In comparison,
when DMSO or péraforma]dehyde were used alone, 120 minutes were required for

similar inactivation.
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DISCUSSION

Studies conducted at Becton, Dickinson and Company on the potential appli-
cation of formaldehyde-liberating compounds in the successful sterilization of
potting compounds have indicated that the overall concept is entirely feasible.
| Research was conducted on the inactivation of bacterial spores by the synthetic
resins, melamine formaldehyde, urea formaldehyde, and phenol formaldehyde, and
the organic polymer, paraformaldehyde, both as pure chemicals and as additives
to RTV potting compound. Subsequent research was directed towards the procure-
ment of data on the comparative Toss of formaTdehyde and biocidal activity from
potting compound-sterilant mixtures as a function of various parameters, and
deve]opmgnt of methodology forlthe verification of the internal sterility of‘
potting compound. Candidate sterilants selected for these latter studies
included the synthetic resin, melamine formaldehyde, and the organic polymer,

paraformaldehyde.

Without exception, the use of paraformaldehyde as a potential sterilant,

in comparison with the synthetic resins, proved to be significantly more
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effective. These results were not unexpected since we were aware that para-
formaldehyde was potentially a betier source of monomeric formaldehyde than
were the synthetic resins. It was apparent from the studies, also, that the
inactivation process per se was strictly a function of available formaldehyde
gas. Analysis of our data on the biocidal activity of controlled quantities
of paraformaldehyde at ambient temperatures and 60C (conducted in sealed 100 cc
vessels) in conjunction with our data on the evo}ution of formaldehyde gas from
paraformaldehyde as a function of time and temperature provided information on
the maximal mo]eéu]ar amounts of formaldehyde gas required to inactivate micro-
bial spores. Based on Avogadro's number, 1 mg formaldehyde contains 2 x 1019
molecules. Experimental evidence indicated that 1 x 105 bacterial spores
suspended in a 100 cc sealed vial and exposed to 1 mg paraformaldehyde would

be inactivated within 5 hours. During this period of time, as studies on
evolution of gas as a function of time and temperature revealed, approximately
7.5% of the available péraforma]dehyde vaporized, i.e., about 75 Mg, Calcula-
tions showed that 75 ug formaldehyde were comprised of 1.5 x 10]8 molecules.
Thus, the number of formaldehyde molecules disperséd in the 100 cc volume were

1.5 x 1018 or 1.5 x 1016/cc. Further volume relationships reduced the number
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of molecules accordingly, i.e., 1.5 x 1013/mm3 and 1.5 x 104/,u35 Measurement
showed that the suspended spore strip occupied 16.6 mm3 of space. Assuming
that the spores were evenly distributed within this volume, then 2.5 x 1014
molecules of monomeric formaldehyde were fequired to inactivate each spore
‘strip. Further calculations showed that 2.5 x 10% molecules of formaldehyde

were required to inactivate each individual spore area (the volume each spore

occupied within the filter paper strip). Finally, if an individual bacterial

0‘12

spore occupied 6/u3, then 9 x 10% molecules of formaldehyde (4.5 x 1 pg)

were required to inactivate the spore.

The important aspect of these analytical calculations, which are based on
experimental data, is that the findings from studies on spore inactivation by
paraformaldehyde at ambient temperature, where the time requifed for inactivation
was considergb]y prolonged and rate of gaseous evolution considerably different,
resulted in comparable findings, i.e., approximately 6.x 104 molecules of
monomeric formaldehyde (3 x 10'12 pg) were required to inactivate the bacterial
spore. In addition, studies wherein paraformaldehyde-RTV discs were subjected
to elevated temperature prior to biologic eva1uat%on of residual sporicidal

activity supported observations on the molecular relationship of formaldehyde
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gas to spore inactivation. In these studies, discs containing 3.1 mg para-
formaldehyde were exposed to 125C for 1 hour during which time approximately
95% ( 2.95 mg) of added paraformaldehyde had vaporized 1eaving a residue of
approximately 150 )ug. These discs were then used for biologic evaluation by
placement into 100 cc sealed vessels containing biologic indicators and sub-
“jected to 125C for specified time periods. Results showeq that a ]-hour
exposure period at 125C was sufficient to efféc? steriiity. During this time
period approximately 60% or 90 ug of the residual paraformaldehyde had vapor-

0-12

ized. Thus, approximately 1 x 105 molecules of monomeric formaldehyde (5 x 1

Mg) were required to inactivate each bacterial spore.

Additional supportive evidence was provided upon analysis of inactivation
data when using melamine formaldehyde at 125C. With the Qse of 2 mg melamine
formaldehyde in a 100 cc volume, 1 x 105 bacterial spores were»inactivated in
3 hours. Based on studjes of gasebus evolution at 125C, 9.5% of the available
formaldehyde had been released during this time period. Because only 53% of the
melamine formaldehyde molecule is comprised of formaldehyde residues, calculations

showed that approximately 100 ug were released into the 100 cc volume. Therefore,
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the number of forméldehyde molecules dispefsed per cc of volume was 2 x 1016@
Using this information and the previous calculations on spore volume, the
number of monomeric formaldehyde molecules required to inéctivate an individual

bacterial spore was 1.2 x 10° (6 x 10"]2‘pg formaldehyde).

Thus, the maximal number of monomeric forma1déhyde molecules required to
inactivate a bacterial spore when using paraformaldehyde at ambient temperature
or 60C; when using residual paraformaldehyde from heat-treated RTV-sterilant
discs by exposure to 125C; or when using melamine formaldehyde at 125C were

4

similar; i.e., 6 x 107, 9 x 104, T x 105, and 1.2 x 105, respectively. Com-

0712 4g, 4.5 x 10

parative weight relationships were 3 x 1
and 6 x 10'12,ug formaldehyde per bacterial spore, respectively. These are
conservative values and it is fully recognized that the minimum molecular

quantities of monomeric formaldehyde gas required to inactivate a bacterial

spore may be several orders of magnitude lower since certain assumptions were

made regarding spore distribution and size in the calculations. Since the

mechanism of spore inactivation by gaseous formaldehyde is unknown, a priori

this information appeared extremely significant. Because 6 X 104 t6 1 x 10°
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molecules of formaldehyde gas were required to inactivate a bacterial spore, it
can be hypothesized that for inactivation to occur a large number of intra-
cellular sites have to be attacked by formaldehyde. The obvious intracellular
target molecules appear to be the enzymes, of which there are numerous specific
copies found intracellularly. Formaldehyde reacts, in general, with proteins by
hardening them and decreasing their water-sensitivity (29 ). Specjfica]1y,
these tanning effects are due mainly to the cross-iinkage of protein chains by
methylene bonds containing reactive groups ( 2 ). The various proteiﬁ residues
involved in reacfions with formaldehyde includes primary amino and amido groups,
guanidyl groups, secondary amide groups, indole groups, merCaptan‘radica]s,
imidazole groups, and phenolic nuclei ( 30). Forma]dehydé also reacts with
nucleic acids and the contribution of these reactions to spore inactivation
cannot be discounted. It has been demonstrated that the 1nactivatibn of viruse;
by~f0rma1dehyde can result from an aldehyde-nucleic acid react{on (7). Neely
(13 ), in studies on the action of formaldehyde on microorganisms, stated that
inactivation may be due to unbalanced growth with the subsequgnt formation of

1, 3-thiazane-4-cardoxylic acid. He indicated that both nuclear and cytoplasmic

syntheses were impaired by this dual action of formaldehyde.
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The kinetic studies on the loss of formaldehyde from pure chemicals and
from potting compound-sterilant discs exposed to temperatures ranging from
ambient to 125C suggested that internal sublimation of sterilants with outward
diffusion of evolved formaldehyde gas had taken place. Data indicated that the

' ;

comparative rates of gaseous evolution from the pure chemicals and from the
potting compound-sterilant mixtures were very similar. In addition, the complete
vaporization of paraformaldehyde from the parafgrma]dehyde—RTV discs was certain-
ly indicative of internal evolution, outward diffusioﬁ, and ultimate release of
formaldehyde ga;. Although evolution of gas from paraforma]dehyde occurred at
a faster rate, eventually going to complete vaporization, as compared to melamine
formaldehyde, sgfficient sterilizing gas was released from the latter synthetic
resin to accomplish the required task of sterilization. The release of monomeric
formaldehyde from melamine formaldehyde was limited and even Et 125C for 168
hours only 25% of the available formaldehyde was released aé‘a vapor. The
remaining formaldehyde fesidue was apparently bound in spch a manner as to

preclude release except at pyrolytic temperatures. During the very process of

internal production of the sterilant gas, it is anticipated that embedded contam-

inating microorganisms were subjected to in situ inactivation with the ultimate
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sterilization of the entire component. Nevertheless, although experimenta? data
indirectly suggested that internal sterilization of potting compounds was entirely
feasible with the use of formaldehyde-liberating additives, what was required

was experimental evidence for the verificafion of internal sterility of potting
.compound. In addition, the re]ationship between the concentration of additive

and the time required for internal sterility needed to be established at the .

various experimental temperatures.

After employing several laboratory procedures in an attempt to verify
internal sterility, the embedding method previously described was selected as
the most reproducible, reliable, and efficient. As reported data indicated,
internal sterility was achieved at temperatures ranging from 45 to 90C with
paraformaldehyde and from 60 to 90C with melamine formaldehyde. Of the para-
meters studied, temperature appeared as the most significant factor in effeéting
sterility. The test procedure used, wherein the bacterial spores are sealed in
a 0.5 hi] p]astic»envelope, presented an increased challenge to the sterilization
process by impdsing a barrier to the passage of sterilant gas. In addition, the
3

concentration of 1 x 10° bacterial spores within a volume of approximately 17 mm

would not be expected in potting compounds used in spacecraft electronic components.
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Nevertheless, even under these stringent challenge conditions, steri}ity was
achieved at 90C within 30 minutes and 2 hours, respectively, when using 1%
paraformaldehyde or 1.9% melamine formaldehyde. According to data on gaseous
evolution, less than 10% of the available forma]dehyde was released by the
-additives during the period required for internal sterilization. Therefore,
it is fully anticipated that concentrations of additive considerably Tower than

1% could be used with extended sterilization periods.

The interesting chemical DMSO possesses a duality of properties that prompted
us to consider this material as a potential enhancement factor in the steriliza-
tion of potting compound. These pfoperties include the capacity of DMSO to act
as a penetrant carrier (15 ) and its bactericidal ( 3 ) and virucidal ( 5 )
activities. Thus, the combined action of DMSO and sterilant gas could theoreti-
cally resu1tvin an enhancement of sporicidal activity. The mechanism of action
of DMSO could be as a penetrant carrier for monomeric forma]dehyde (increased
penetrability of potting compound or bacterial spore wall) or as an additive
biocidal agent. Studies to date, although preliminary, indicated that the
combined use of DMSO and formaldehyde gas was associated with greater sporicidal

activity than when either agent was used alone. Additional studies are contem-




41

plated to obtain more definitive information on the mechanism of action involved.

The concept of a "self-sterilizing" potting compound has been demons trated
by the studies presented in this report. Procedures were developed that could
ensure the internal sterility of electronic spacecraft components. The applica- _
bi]ity to the NASA spacecraft sterilization program could result in a further
reduction of the total microbial erden of the spacecraft, thereby allowing a

shorter and less thermally destructive heat sterilization cycle.
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FUTURE YWORK

During the course of this contract (NASw-1764) a new contract (NAS8-24513)
was entered into between the Marshall Space Flight Center (MSFC) and Becton,
Dickinson and Company. The current contract research systematically extends

the studies reported herein.

The MSFC contract will include an investigation of the basic parameters
of paraforma]dehyde sterilization, i.e., the influence of environmental and
cellular parameters on the inactivation of bacterial spores by forma]dehyde gas.
Specifically the role of relative humidity and cellular water content will be
studied in relation to gaseous inactivation. Simulant spacecraft component
pieces will be examined physically and functionally by MSFC after exposure to
the required elevated temperature for the release of the sterilizing gas and
upon demonstration by the Contractor that the sterilization of subject component
pieces had taken place. Additional organic resins and polymers selected jointly
by MSFC and the Contractor, will be investigated. Thus, the specific goal of

this program is to develop a useful and reliable method for sterilization of




potting compounds, mated and exposed spacecraft surfaces, occluded areas and

electronic systeﬁs at temperatures ranging from 60 to 125C.
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TABLE I
BIOCIDAL PROPERTIES OF MELAMINE FORMALDEHYDE

(b)

after exposure at

Melamine (a) Microbial growth
formaldehyde
' (mg) 22C 35C 45C 60C 125C

(a) Per 100 cc air; 24-hour exposure.

(b) Biologic indicators with 1 x 10° B. stearothermophilus spores/strip
suspended in sealed glass vessels.
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TABLE II

BIOCIDAL PROPERTIES OF UREA FORMALDEHYDE AT 60C

Urea (a) Test (b) Microbial growth after indicated exposure (hrs)
formaldehyde ‘ bacterium
(mg) 1 2 3 4 5 6
2.5 B. globigii + + - - - -
B. stearothermophilus - + + + +
5.0 B. globigii + - - - - -
B. stearothermophilus o+ + + - - -

(a) Per 100 cc air; used as 5-10% aqueous solution.

(b) Biologic indicators with 1 x 10° bacterial spores/strip suspended in sealed glass vessels.
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TABLE III

STERILIZING ACTIVITY OF 1% AQUEOUS SCLUTION
OF UREA FORMALDEHYDE

Time(a) Microbial growth(b) after exposure at
(hrs) 22¢ 45¢ 60C
0 + + +
1 + - -

2 + - -
3 + - -

(a) Exposure time at indicated temperature after spray application of
1% urea formaldehyde.

(b) B. globigii on metal strips.

LY




TABLE IV
BIOCIDAL PROPERTIES OF PARAFORMALDEHYDE(a)

,(T1m§ Microbial growth(b) after exposure at
hrs

22C 35C 60C 125C
0.5 + + + +
] + + + -
3 + + + -
5 + + - -
7 + + - -
14 + - - -

72 - - - -

(a) 1 mg/100 cc air.

(b) Bijologic indicators with 1 x 105 B. stearothermophilus

spores/strip suspended in sealed glass vessels.

8Y




TABLE V
BIOCIDAL ACTIVITY OF PARAFORMALDEHYDE(a) AT 35C

Microbial growth(c) at indicated

b) incubation time (hrs)

Time(

(hrs)
24 48 96

14-24 - - -

(a) 2 mg/100 cc air.
(b) Exposure time in sealed glass vessel.

(c) Biologic indicators with 1 x 105 B. stearothermophilus

spores/strip.
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TABLE VI

INACTIVATION OF BACILLUS STEAROTHERMOPHILUS AND BACILLUS GLOBIGII

BY MELAMINE FORMALDEHYDE OR PARAFORMALDEHYDE AT 125C

Microbial growth after indicated exposure

Time(b) Melamine forma]dehyde(a) Paraforma]dehyde(a)

(hrs) B. stearothermophilus B. globigii B. stearothermophilus B. globigii
0.5 C+ ' + + +
1.0 + + - +
1.5 + + - -
2.0 | + t - -
2.5 + + - -
3.0 - E: - -

(a) 2 mg/100 cc air.

(b) Exposure time in sealed glass vessels.
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TABLE VII

MICROBIAL INHIBITION BY POTTING COMPOUND(a)-STERILANT MIXTURES

Inhibition zones(b) (mm) with indicated additive

Bacterium
Paraformaldehyde Melamine formaldehyde Urea formaldehyde
1% 5% 1% 5% 1% 5%
B. globigii 25 34 10 16 10 16
S. marcescens 15 26 10 12 10 10
K. pneumoniae 21 29 10 10 10 15
S. aureus 32 44 16 20 15 20
E. coli 17 26 10 17 10 10

(a) RTV-3140.

(b) Modification of classical antibiotic sensitivity procedure; discs 10 mm in diameter.
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TABLE VIII

LOSS OF FORMALDEHYDE FROM PARAFORMALDEHYDE AND MELAMINE FORMALDEHYDE

AT ELEVATED TEMPERATURES

Exposure Percent loss at indicated exposure temperature

(hre) 45¢ 60C 90C 125¢
PF MF PF MF PF MF PF MF
1 1.0 2.0 19.5 4.0 95.1 5.8
2 1.7 2.4 36.0 5.6 98.1 9.0
3 4.3 2.6 41.3 B 98.6 4
4 5.4 3.0 45.6 5.6 98.8 10.0
5 7.5 2.6 47.3 8.4 99.0 9.8
6 11.3 2.8 52 .3 9.0 99.5 10.6
12 12.7 3.6 56.3 7.2 100.0 19.2
24 5.7 24.0 2.0 82.0 9.8 19.8
48 14.1 4.4 38.9 3.4 95.5 9.6 20.8
72 23.% 4.4 49.5 10.0 98.1 110 2}:2
168 - 54.2 6.8 73.4 10.8 99. 14.4 24.2

PAS)



TABLE IX

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 45C BY FORMALDEHYDE GAS

Exposure Microbial growth(]) after exposure to
time (hrs) RTV RTV-MF(2) RTV-PF(3)

0 + + +
6 +
12 +
24 + o+ -
48 | + + : -
72 + + 4 -
96 | + + -

(1) Biologic indicators with 1 x 105 bacterial spores/strip.
(2) Melamine formaldehyde (9.5%).
(3) Paraformaldehyde (5%).

£9




TABLE X

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 45C BY FORMALDEHYDE GAS

Microbial grthh(j) after exposure to

e ihee) RTV RTV-MF(2) rTY-PF(3)

O + + +

6 | +

12 ' +

18 ‘ +

24 + + -
48 + + -

72 + + o -

96 + + -

(1) Biologic indicators with 1 x 105 bacterial spores/strip.
(2) Melamine formaldehyde (1.9%).
(3) Paraformaldehyde (1%).
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TABLE XI

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 60C BY FORMALDEHYDE GAS

Exposure ‘ Microbial growth(]) after exposure to
time (hrs) - RTY RTV-MF (%) RTv-pF (3]
0 + + +
1 +
2 -
3 -
5 -
7 -
12 ¥
18 +
24 + +
36 ' + -
48 o+ -
72 + -
96 ‘ v + -

(1) Biologic indicators with 1 x 10
(2) Melamine formaldehyde (9.5%).
(3) Paraformaldehyde (5%).

5

bacterial spores/strip
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TABLE XII

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 60C BY FORMALDEHYDE GAS

Exposure Microbia1'growth(1) after exposure to
time (hrs) RTV ~ r7v-nr(2) RTV-PF(3)
0 + + +
3 +
5 +
6 -
7 -
12 . -
24 ‘+ + ' -
18 + o + -
72 | + + .
96 + + -

(1) Biologic indicators with 1 x 10° bacterial spores/strip.
(2) Melamine formaldehyde (1.9%).
(3) Paraformaldehyde (1%).

99




TABLE XIII

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 90C BY FORMALDEHYDE GAS

Exposure Microbial growth(]) after exposure to
time RTV RTV-MF(2) RTY-PF(3)
0 + + +
15 min + -
30 " + -
45 " -
1 hr + - -
2 " + -
3 " + - -
5 " -
6 " -
12 " +
18 " +
24 " + -

(1) Biologic indicators with 1 x 10° bacterial spores/strip.
(2) Melamine formaldehyde (9.5%).
(3) Paraformaldehyde (5%).
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TABLE XIV

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 90C BY FORMALDEHYDE GAS

Exposure - | Microbial growth(1) after exposure to
time RTV RTv-m () RTv-pr (%)
0 + + +
15 min +
30 " -
45 " .
1 hr + -
2 " + - -
3" +
4 " -
6 " + -
18 " +
24 " + -

(1) Bio1bgic indicators with 1 x 10° bacterial spores/strip.
(2) Melamine formaldehyde (1.9%).
(3) Paraformaldehyde (1%).

89




TABLE XV

_SUMMARY ON INACTIVATION OF EMBEDDED BACTERIAL SPORES
BY FORMALDEHYDE LIBERATING ADDITIVES

Exposure Time required to achieve internal steri]ity(T)
temperature Melamine formaldehyde Paraformaldehyde
9.5% 1.9% 5% 1%
45C w96 hrs: 96 hrs 24 hrs 24 hrs
60C \ 36 hrs w72 hrs "2 hrs 6 hrs
90C 1 hr 2 hrs 15 min 30 min

(1) 1.x 105 Bacillus stearothermophilus spores used as challenge
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TABLE XVI

COMBINED SPORICIDAL ACTIVITY OF PARAFORMALDEHYDE AND DIMETHYLSULFOXIDE (DMSO)

Microbial growth(b) after
exposure (min) at.indicated temperature

Test condition

90C ' 60C
15 30 60 90 120 180 240 300
Paraforma]dehyde(a) + + + + - + + -
Paraforma]dehyde<a) + + - - - - - -
+ DMSO
None + + + + + + R +

(a) 1 mg/100 cc air.

(p) Biologic indicators with 1 xv105‘bacteria1 spores/strip suspended in sealed glass vessels.

09
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Figure 6. Characteristic Inhibition of Microbial Growth by RTV-Sterilant Discs

No. Test Organism Additive

1 Staphylococcus aureus None

2 Staphylococcus aureus Melamine formaldehyde (19%)
3 Staphylococcus aureus Paraformaldehyde (10%)

4 Escherichia coli None

5 Escherichia coli Melamine formaldehyde (19%)
6 Escherichia coli Paraformaldehyde (10%)
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APPENDIX
TABLE I

PROPERTIES OF PARAFORMALDEHYDE*

Assay, as formaldehyde, wt %, min

Ash, wt %, max

Iron, ppm by wt, max

Acidity, as formic, wt%, max

Water, wt %y max

Appearance

Odor

Flash point, Tag open cup, F approx.

Ignition temperature, F approx.

Methanol content

Explosive 1imits for formaldehyde gas:

Per cent by volume in air,

Lower limit
Upper limit

Molecular weight, approx.

71

95.0

0.01

2.0

0.03

5.0

White solid
Pungent

200

575

None

~Solubility of paraformaldehyde is a function of pH and temperature;

most soluble at pH extremes and reflux temperature.

* "Paraformaldehyde", Celanese Chemical Company, Division of

Celanese Corporation, New York, N. Y. (1967).




APPENDIX
TABLE II

WEIGHT LOSS OF RTV DURING CURING PROCESS AT AMBIENT TEMPERATURE

Weight loss (%) at indicated time (hrs)

Sample 24 48 72 120 168 336
1 .88 1.08 1.25 1.29 1.33
2 .93 .14 1.30 1.34 1.38
3 .90 112 1.28 1.31 1.36
4 .90 1.09 1.18 1.27 1.32
5 .89 1.09 1.18 1.27 1.31
6 .90 1.10 1.19 1.28 1.33

aL
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MELAMINE FORMALDEHYDE

H H H N HH H
| | / o |
HeG-0-C-N-Cc7 \C-N-C-O-C-H
- I | |
H H l ” H H
N N
\C/
|
H—N
|
H-C-H
0
H-C-H
|
H

Figure 1: Structure of Melamine Formaldehyde
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DIMETHYLOL UREA

HHOHH
| I N | I |
HO—C-N-C—N—C —0H
| |
H H

APPENDIX

Figure 2: Structure of Urea Formaldehyde
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| METHYLENE PHENO
i "I
H-C OH  C OH

| H-(|:-H | H-(|3-H
H APPENDIX H

Figure 3: Structure of Phenol Formaldehyde



APPENDIX

Figure 4: Structure of Paraformaldehyde
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/ PARAFFIN SEAL

‘/-RUBBER STOPPER WITH
METAL HANGER

—BIOLOGIC INDICATOR
\ (IX 10 Bacterial Spores)

Q -\£4 = -~ Y
FORMALDEHYDE~-LIBERATING
CHEMICAL |

APPENDIX

Figure 5: Test Procedure for Evaluation of Formaldehyde-Liberating Chemicals
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IX10° BACILLUS STEAROTHERMO-

PHILUS SPORES

(i;g'gmm) [SJ @EF'L%NSEALED TEFLON WRAPPED STRIP
EMBEDDED IN RTV CONTAINING
\ f ¢ STERILANT ADDITIVES

Procedure |

TRYPTICASE
SOY BROTH

STRIPS EMBEDDED IN RTV IN PETRI
DISH FOR EXPOSURE TO ELEVATED
TEMPERATURES TO ALLOW CONTROLLED
RELEASE OF STERILANT GAS.

STRIP REMOVED ASEPTICALLY
AFTER EXPOSURE PERIOD FOR
ATTRIBUTE DATA.

APPENDIX

Figure 6: Embedding Procedure for Verification of Internal

Sterility of Potting Compound




